Lipid rafts are sterol and sphingolipid rich membrane domains that possibly may play roles in multiple cellular processes. These domains are still the matter of debate and it is still unknown by which mechanism if any and organisms promote their formation. This study centers on the ease of in vitro formation of lipid rafts-like structures as it relates to the relative availability of sphingolipids, phospholipids, cholesterol, and membrane proteins. Following a 12 h incubation period, isolation and extraction of the lipid rafts-like assemblies, the composition of the structures was evaluated using HPLC. Cholesterol and sphingomyelin were detected at 206 nm and phosphatidylcholine was detected at 254 nm. Identification of lactose permease, a typical membrane protein, was done using FTIR. The thermal stability of the produced structures was also determined. Results show that the addition of cholesterol significantly increased both the amount of insoluble lipid rafts-like structures and their stability, and that the availability of a minimum amount of sphingolipid was necessary to produce larger amounts of more stable structures. However, the addition of phospholipids hindered the formation of lipid rafts-like assemblies and those formed were generally less stable.
Introduction
The plasma membrane is mostly composed of loosely packed phospholipids capable of rapid lateral diffusion.
Liquid-ordered and disordered states can coexist on the same plasma membrane and those liquid-ordered domains can remain insular and maintain their relative rigidity among the neighboring phospholipids' bilayers [1] [2]. Such domains can, under proper circumstances of adequate amounts of cholesterol and sphingolipids, form into more stable structures within the membrane called lipid rafts [3] . Lipid rafts are therefore micro-domains within cell membranes that are enriched in cholesterol and sphingolipids. These assemblies can be separated and identified because they are components of the membranes that are resistant to solubility using detergent.
Lipid rafts are known to incorporate larger amounts of various signaling molecules, such as cell surface receptors and intracellular signaling molecules, and thus, these micro-domains have been associated with many cellular functions [4] . They may play important roles in the regulation of receptor-mediated cellular function, and accordingly, the disruption of lipid rafts results in the impairment of signaling events and receptor function [5] . Some studies have suggested that lipid rafts may even play an important role in tumor cell progression and control [4] [6] . Other functions have been attributed to lipid rafts such as pathogen uptake, endocytosis, and intracellular trafficking [6] [7] . Lipid rafts and caveolae, a subset of lipid rafts characterized by the presence of the protein caveolin, have been implicated in numerous signaling pathways that regulate the proper functioning of the cardiovascular system [7] . The formation and mechanism of action of these micro-domains are unclear. Signaling molecules, which have been shown to be associated with lipid rafts [7] , may be permanently localized in the micro-domains where they assemble into preformed signaling complexes, as in the case of caveolae. This system would facilitate and accelerate the response to extracellular stimuli. The possibility also exists that molecules of the same pathway may be segregated into different subsets of lipid rafts which would interact when these micro-domains are formed.
The chemical composition of lipid rafts may influence their role. Different investigations note that the number and nature of lipid rafts vary in different types of cells in the body. Cancerous cells were shown to contain a higher number of lipid rafts compared to normal cells. However, following the addition of a cholesterol depleting agent, methyl β-cyclodextrin, cell apoptosis was observed. When cholesterol was replenished an increase in the number of lipid rafts was noted. This effect was found to be more important on cancer cell lines compared to healthy cells. The viability of the cells was restored upon addition of cholesterol. On the other hand, depletion of cholesterol caused lipid raft disruption, and as a consequence lipid rafts were rendered nonfunctional [8] - [10] . Hence, a clear correlation seems to exist between the number of viable lipid rafts in cell membranes and the amount of available cholesterol.
At this time there are still debates on the role of lipid rafts in the cellular membrane [4] - [7] and perhaps more importantly, on the mechanisms by which lipid rafts formation is controlled by the cell. One of the main reasons causing the controversy is the difficulty to observe lipid rafts directly in vivo. Some techniques have been used to attempt to identify lipid rafts in live cells: photonic force microscopy, fluorescence resonance energy transfer, single fluorophore tracking microscopy and chemical cross linking. Other techniques can be used to identify rafts in disrupted cells, including flotation of detergent resistant membranes, antibody patching and immunefluorescence microscopy, and immune-electron microscopy [11] - [13] . However, none of these methods were used conclusively to determine the processes of lipid raft formation.
Toulmay and Prinz investigated what initiated the formation of these micro-domains [14] . They observed that glucose scarcity, protein synthesis interruptions, and low pH induced the formation of vacuole, i.e. lipid rafts assemblies. Increases in pH failed to show this effect. Toulmay and Prinz also showed that lipid raft domains, of larger dimension than first anticipated, could form in vivo. Georg et al. reported on some investigations which demonstrated that sphingolipids showed stronger affinity towards cholesterol than phospholipids, and on studies that suggested the interactions between cholesterol and sphingomyelin were completely different from those interactions occurring between phosphatidylcholine and cholesterol [15] . Experiments performed on artificial membranes showed that lipids such as saturated phosphatidylcholines were able to form similar domains with cholesterol. Characterization of these structures by various physicochemical methods revealed that they formed a highly ordered and densely packed liquid ordered phase. The melting point of mixtures of phosphatidylcholine and cholesterol was also studied and the influence of ethanol and of cholesterol was evaluated. Wydro et al. showed that cholesterol increased the ordering of acylchains as well as the membrane surface density, while the effect of cholesterol on saturated chains varied from that found on unsaturated chains [11] . Cholesterol interactions with phosphatidylcholine and sphingomyelin did not follow a linear relationship as preferential interactions between sphingomyelin and cholesterol were detected [16] . This effect could be attributed to the denser packing of sphingomyelin molecules compared to the packing of phosphatidylcholine molecules [17] .
All these studies demonstrate that membrane structure dynamics can be clearly understood only by the study of lipid interactions. Some Eggeling et al. argued that while somewhat flawed compared to in vivo studies, using liposome based techniques to study membranes physical properties may prove to be useful to develop better models of cellular behavior [18] . Studies of the physical properties of biological membranes have also been performed on model layers containing cholesterol induced liquid ordered phases [19] . Aggregation of liposomes due to the addition of ethanol was also investigated with the conclusion that the addition of ethanol resulted in increased fusion of the liposomes [20] . The permeability of lipid vesicles made of dipalmitoylphosphatidylcholine was found to increase by 8 times when cholesterol was added by a factor of 25% more compared to vesicles without cholesterol [21] . Other physical properties were investigated and the modulus of micro-domains was shown to significantly change with the addition of cholesterol, suggesting a strong dependence on the assembly [22] . Lingwood and Simons reviewed the potential of these self-assembled domains to combine and/or attract specific proteins and promote selective cellular processes [23] . Observations using atomic force microscopy demonstrated that ethanol influenced the bilayer properties according to membrane lateral organization [24] . Calorimetric investigations of mixtures of ethanol and liposomes were also performed, and the results obtained showed that the addition of cholesterol in lower concentrations helped to increase the interactions, while cholesterol in higher concentrations helped reduce the interactions [8] [25] .
The physical properties of liposomes have been studied; however, the formation of insoluble micro-domains within liposomes has not. In addition, the lipid rafts hypothesis assumes that these micro-domains have an important property, i.e. they can include or exclude proteins selectively. Therefore, the investigation of artificial membranes should incorporate membrane proteins. Together, these would more accurately represent the in vivo formation of lipid rafts. Hence the first step in understanding not only the role of lipid rafts but the pathways to their formation is to study the growth and assembly of these domains. An in vitro investigation of each individual component involved in lipid rafts may shed light on the topic. This paper reports on the in vitro systematic investigation of the effect of the variation of the four most important components of lipid rafts-phospholipids, sphingolipids, cholesterol, membrane proteins-on the formation of detergent insoluble micro domains within liposomes.
Methodology

Procedure for the Preparation of Lipid Rafts
The preparation and analysis of lipid rafts involved several steps. The following is the generalized method used for the preparation of lipid raft and is followed for all sample preparations.
Cholesterol, sphingomyelin, phosphatidylcholine and proteins were mixed in test tubes in different concentrations. Systematic series of mixtures involved varying the concentration of one component while maintaining the concentrations of all other compounds constant at 3.0 mg/mL. After mixing, these solutions were kept in a water bath at 37˚C for 24 hrs. During this incubation period the components are expected to self-assemble. This preparation was kept under refrigerated conditions at 4˚C for 6 hrs. The refrigerated solution was then taken and kept aside to reach room temperature, 25˚C. This solution was distributed in equal amounts to 1.5 mL Eppendorf tubes and centrifuged at 14,000 rpm for 30 min. The components which were not associated in to the lipid rafts remained in the supernatant layer while the membrane assemblies formed a pellet. The supernatant solution was separated and saved. To the precipitate 200 µL of pure methanol was added and kept for drying for about 30 min under nitrogen gas. The lipid raft assemblies were extracted by the addition of detergent [26] [27] and further centrifugation. The insoluble component contained the lipid raft assemblies. To the dried concentrate, 200 µL of pure methanol were added. All the samples were subjected to HPLC for the quantification of cholesterol, phosphatidylcholine and sphingomyelin. For the quantification of the transmembrane protein, the samples were subjected to ATR-FTIR.
Materials
Cholesterol was purchased from Mallinckrodt Baker Inc. (Paris, Kentucky, USA) and was used without any further processing. Phosphatidylcholine was obtained from Aldrich. Sphingomyelin was bought from Fox Scientific, Inc. while the proteins were purchased from Bio-Rad.
Analysis Techniques
High performance liquid chromatography (HPLC) was mainly used to separate and identify the components of the self-assemblies. A Waters HPLC including at 250 mm C18 column with 2487 dual wavelength absorbance detector, 1525 binary HPLC pump, 717 plus auto sampler and a Rheodyne manual injector were used. The operation of the instrument, integration of the peaks and the area calculations were done using the Breeze software. Cholesterol and sphingomyelin were detected at 206 nm and phosphatidylcholine was detected at 254 nm. The retention time of cholesterol, phosphatidylcholine and sphingomyelin was obtained at around 30 min, 8.6 min and 9.3 min respectively.
A Thermo-Electron Nexus 470 Fourier transform infrared (FTIR) spectrophotometer in ATR (Attenuated Total Reflectance) mode was used to evaluate the structural characteristics and quantification of the protein components in the lipid rafts-like structures. The amide II band at 1456 cm −1 was used to quantify the amount of protein by comparison with calibration curves of pure lactose permease protein. Each sample was analyzed individually using a resolution of 4 cm −1
. Baseline correction calculations were determined using the FTIR Omnic software package.
The liposomes formed from the self-assembled complexes containing phosphatidylcholine and sphingomyelin were directly observed using an Olympus BX51 polarized light microscope enhanced with a 530 nm filter equipped in color differentiation and contrast optimization. An Olympus U-CMAD3 camera attachment and QC Capture Pro 6.0 software allowed us to view and collect images.
Results and Discussion
Lipid rafts are predominantly composed of sphingolipids, sterol molecules, somephospholipids, and an array of transmembrane proteins. At this time, it is unclear what initiates the formation of lipid rafts. Phospholipids and sphingolipids can self-assemble and incorporate other molecules, however, this process would be random. It seems more likely that cells control the formation of nano-domains involved in other processes. The objective of this work is therefore to understand the composition and more importantly, the initiation process of the formation of lipid rafts in cellular membranes. Prior studies have suggested the existence of interactions between cholesterol and sphingolipids (9) . As cholesterol binds in-between two sphingomyelin molecules the assembly is rigid and more resistant to solvation, hence an increase in sphingolipids and a minimum amount of cholesterol may lead to lipid raft formation. A series of experiments were designed based on the hypothesis that the self-assembly of domains involving sphingolipids is initiated by the occurrence of specific amounts of all components and of sterols in particular. The implications are that the rate of lipid raft formation could be increased dramatically by adjusting the relative amounts of lipid raft components. This hypothesis, if verified, implies that the cellular organism can control the amount of lipid rafts by synthesizing more or less of these components in the correct ratio. To test the hypothesis in vitro simulations of lipid rafts-like domains were formed and investigated. Solutions containing mixtures of the basic components of lipid rafts were prepared and incubated to allow time for the compounds to interact, after which any lipid rafts-like assemblies formed were isolated and analyzed using HPLC and FTIR spectroscopy. The basic components used were phosphatidylcholine and sphingomyelin, typical phospholipids and sphingolipids respectively, and cholesterol. Figure 1 shows the general molecular structures of this compound. Proteins were also added as a mixture containing a large fraction lactose permease, a membrane protein.
Composition of Micro-Domains
The compositional changes in the lipid rafts organized in the presence of lactose permease proteins were tested using four systematic variations. The first deals with the effect of increasing the amount of cholesterol on the composition of the in vitro lipid rafts. The second and third address the changes in the composition of lipid raftlike assembliesas the amounts of phosphatidylcholine and sphingomyelin are systematically increased. The last variation deals with the addition of the lactose permease proteins. In all variations, the same methodology was applied; in vitro lipid rafts were allowed to form from solutions of the four components of lipid rafts by keeping the concentration of three components constant and varying the concentration of the fourth. Following incubation and separation of the lipid raft-like assemblies through the use of detergents and centrifugation, the effect of the increase in concentration of this fourth component on the amount and composition of the lipid rafts was determined. In the first set of experiments, self-assembled structures were allowed to form from solutions where the concentration of cholesterol was varied as stated in the methodology section, while the concentrations of phosphatidylcholine, sphingomyelin and lactose permease proteins were held constant. Following the incubation time and extraction, the lipid-rafts-like structures were extracted and analyzed using HPLC. The areas under the peaks associated with the three lipid components were converted into concentrations. Protein analysis was obtained using FTIR. Figure 2 presents the change in the amounts of cholesterol, phosphatidylcholine, sphingomyelin, and lactose domains as the initial concentration of cholesterol is increased. A positive and quite linear correlation is obpermease composing the extracted micro-domains as the amount of cholesterol is increased. Variations in the absolute concentrations are presented. Analysis of the relative amounts did not provide significant additional insight and are not presented here. The square markers represent the amount of cholesterol in isolated lipid raft served, suggesting a direct association of sterol molecules with micro-domains. Upon first hypothesis, cholesterol may act as a binding molecule between other components particularly sphingolipids, which could lead to increases in the lipid raft formation as the amount of cholesterol is increased. The concentrations shown in the figure reveal that more than 50% of the initial cholesterol amount participates in the formation of in vitro lipid rafts-like structures supporting the importance of sterols. The evolution of the amount of phosphatidylcholine within the micro-domains is represented by the diamond markers in Figure 2 . A minimum amount is always encountered as these molecules readily self-assemble. As the amount of available cholesterol increases, the amount of phospholipids in the assembly increases but at a lesser rate. On the other hand, the amount of sphingomyelin, indicated by the triangle markers in Figure 2 , increases following a sigmoidal curve. Low amounts of cholesterol result in a very large increase in the amount of sphingolipids in the micro-domains. As these molecules become part of the assemblies, the concentration of available sphingomyelin is reduced leading to a decrease in the effect of adding cholesterol. Figure 2 also shows that the amount of lactose permease proteins (round markers) involved in the micro-domains is negligible at low amounts of available cholesterol, but once a certain critical cholesterol concentration is achieved, the amount of proteins included in the micro-domains increases exponentially.
In a second set of experiments, lipid rafts-like structures were allowed to form and were extracted from solutions where the concentration of phosphatidylcholine was varied while the concentrations of cholesterol, sphingomyelin, and lactose permease were held constant. Following the incubation time and extraction, lipid-rafts-like micro-domains were analyzed using HPLC and infrared spectroscopy. Once again the areas under the peaks associated with the components were converted into concentrations. Figure 3 presents the amount of phosphatidylcholine in isolated lipid raft domains as the initial concentration of phosphatidylcholine is increased. The amount of phosphatidylcholine recovered from the micro-domains is represented by the diamond markers. The observed decreasing trend line implies that as the amount of phospholipids is increased, less lipid rafts-like structures are formed. The concentration of phosphatidylcholine in the extracted lipid rafts is about 30 times lower than the initial solution concentration confirming the idea that phospholipids are not a primary component of lipid rafts. Figure 3 also shows the variation of the amount of cholesterol (square markers) and sphingomyelin (triangles) in isolated lipid raft-like domains as the initial concentration of phosphatidylcholine is increased. An increase in the concentration of phosphatidylcholine results in a decrease in the concentration of both cholesterol and phospholipids involved in the lipid raft formation supporting the argument that increasing the amount of phospholipids reduces the formation of lipid rafts-like micro-domains, most likely in favor of more detergent soluble structures. In all these structures, no significant amounts of lactose permease proteins were detected and these are not shown in the figure.
Lipid-rafts-like structures were then allowed to form and were extracted from solutions where the concentration of sphingomyelin was varied while the concentrations of cholesterol, phosphatidylcholine and lactose permease proteins were held constant. Figure 4 presents the results from these experiments. The amount of sphingomyelin isolated from lipid rafts-likemicro-domains as the initial concentration of sphingomyelinis increased is shown as triangle markers. A distinct increase in the concentration of sphingomyelin in the lipid rafts domains is observed: the concentration of sphingomyelin in the isolated lipid rafts-like structures significantly increased compared to the initial concentration suggesting that the number of lipid rafts increased as the amount of sphingolipids increased. This result is expected considering the fact that lipid rafts contain larger amounts of sphingolipids [2] . Figure 4 also shows the variation of the amount of cholesterol (square markers) in isolated lipid raft domains as the initial concentration of sphingomyelin is increased. At low concentrations of sphingomyelin, a constant amount of cholesterol is found implying that a minimum quantity of cholesterol is required for lipid raft formation. As the concentration of sphingomyelin increases, the amount of cholesterol follows a linear increase. One notes that the concentration of cholesterol is comparatively low even at higher sphingomyelin concentrations. This is attributed to the negative influence of the presence of phospholipids on lipid raft formation. These results suggest that a proper ratio of all lipid rafts components is needed for optimum lipid rafts formation. This argument may be further supported by the last component of Figure 4 as it shows the variation of the amount of phosphatidylcholine (diamond makers) in isolated lipid rafts-like micro-domains as the initial concentration of sphingomyelin is increased. A sharp decrease was observed suggesting that sphingomyelin replaces phosphatidylcholine in the extracted assemblies.
The change in the association of cholesterol, sphingomyelin, and phosphatidylcholine for the formation of the lipid rafts-like assemblies with the change in lactose permease protein was also tested. The concentration of cholesterol, sphingomyelin, and phosphatidylcholine were maintained constant. Following incubation and extraction of the lipid rafts-like micro-domains the relative amounts of each component were quantified using HPLC and FTIR. Figure 5 presents the evolution of cholesterol (square markers), sphingomyelin (triangle), phosphatidylcholine (diamonds), and lactose permease proteins (round markers) in lipid rafts-like assemblies as the amount of lactose permease protein available increases. As expected the amount of lactose permease involved in lipid rafts increases as the amount available in solution increases. However, the increase is limited and a maximum value is obtained even at high concentration of available protein. As the concentration of lactose permease protein increases, the concentration of cholesterol that associates in the complex also increases and, similar to the behavior of the protein, seems to tend towards a maximum value at high protein concentrations. The behavior is mirrored in the evolution of sphingomyelin amounts involved in the lipid rafts-like micro-domains. An increase towards a maximum value is observed. This is not the case with phosphatidylcholine. As the protein concentration increases the amount of phosphatidylcholine that participates in lipid rafts self-assembly decreases sharply indicating a negative correlation. Of further note is that the concentration plateaus observed in the behavior of the protein, cholesterol, and sphingolipid are reached at different amounts of available protein concentrations suggesting that the interdependent correlations between these types of molecules in different but important to the formation of lipid rafts-like structures. The quantifications of these intermolecular interactions within the micro-domain structures were evaluated using differential scanning calorimeter.
Thermal Stability Measurements
Differential scanning calorimetry (DSC) was used quantitatively evaluated the effect of the chemical composition on the overall stability of the lipid rafts-like assemblies. Figure 6 shows the typical DSC traces of samples of extracted micro-domains formed from mixtures of various amounts of phosphatidylcholine, and fixed concentrations of sphingomyelin, cholesterol and lactose permease in ethanol. At least 3 endotherms are observed at around 70˚C, 80˚C and 85˚C respectively. These endotherms are associated with transitions related with the dissociation of the assemblies: a) a weakly bonded structure indicative of poorly assembled elements, b) a structurally sound assembly and c) a strongly bonded structure exhibiting greater stability. The temperature associated with the endotherms is related to the stability of the lipid rafts-like assemblies. Variations in this temperature would suggest the formation of more or less stable structures. To investigate if the composition influences the stability of the lipid rafts-like structures were formed and extracted from solutions containing different concentrations of phosphatidylcholine, sphingomyelin, cholesterol, and lactose permease. In Figure 6 the increase in the amount of available phosphatidylcholine clearly results in a general decrease in the temperature of all three endotherms indicating that the addition of this phospholipid results in the formation of less stable lipid rafts-like structures. This could be the effect of the insertion of the shorter phosphatidylcholine thereby reducing the stability of the structure. One also notes that the relative amounts of the higher temperature structures are also reduced as the phosphatidylcholine concentration is increased.
Quantification of all experiments was performed by plotting the temperature of the observed endotherms from the DSC traces as a function of concentration. the triangle indicate the low temperature endotherm observed around 70˚C, the square markers indicate the mid temperature endotherm at found around 80˚C and the round markers in each panel represent the higher temperature endotherm at 85˚C. As expected from Figure 6 , panel a of Figure 7 shows that as the amount of available phosphatidylcholine increases, the temperature of all three endotherm decreases indicating a loss in structural stability of the lipid rafts-like domains. Panel b shows that the addition of available protein does not significantly affect the transition temperature and therefore the stability of any structure. This suggests that the stability of the detergent insoluble lipid raft-like structures are not significantly related to the presence of membrane proteins, possibly because these compounds represent a low percentage of the relative composition of the assemblies. Figure 7 (c) shows the effect of the addition of sphingomyelin on the transition temperatures of the three transitions. Increasing the amount of available sphingolipids did not cause a variation in the transition temperature of the low temperature structure but it did result in a distinct increase in the temperature of both the mid and high temperature endotherms when the amount of available sphingomyelin reached a critical concentration around approximately 2.0 mg/mL. For an organism to produce stable lipid rafts micro-domains a minimum amount of sphingolipids is therefore likely to be required. Figure 7 (d) also presents the effect of the concentration of available cholesterol on the stability of the assemblies. Once again, the low temperature endotherm does not seem affected by the concentrations of any of the constituents, suggesting that this transition is related to poorly formed assemblies that will dissociate readily. However, the amount of cholesterol has a significant impact on the transition temperature of the more stable structures. Increasing the available cholesterol by any amount results in an increase in the stability of the in vitro lipid rafts-like micro domains. This suggests that an optimum concentration of both sphingolipids and cholesterol can lead to the formation of lipid rafts. An organism could potentially control the amount of lipid rafts by modifying the amount of available cholesterol and by varying the ratio of the amounts of phospholipids and sphingolipids. This also leads to the possibility that if outside sources of these compounds are available, lipid rafts may form randomly which could lead to complications for the organism.
Conclusion
In vitro lipid raft-like membrane micro-domain was formed and extracted from solutions containing various concentrations of phosphatidylcholine, sphingomyelin, cholesterol and lactose permease membrane proteins, typical cellular membrane components. Quantification of the amounts of phosphatidylcholine, sphingomyelin, and cholesterol composing the detergent insoluble assemblies was performed using HPLC, while FTIR was used to evaluate the amount of proteins. Results indicate that increasing the amount of available sphingolipid and cholesterol leads to greater formation of lipid rafts-like assemblies. However, the increase in the relative components is only linear in the case of cholesterol. Thermal stability measurements using DSC further established that the assemblies were more stable if both sphingolipids and cholesterol's availability was high. In fact, a high amount of cholesterol and minimum concentration of sphingomyelin leads to the most stable structure. The amount of protein did not significantly affect the stability of the system while increasing the availability of phospholipids in solutions led to a decrease in the amount of lipid rafts-like structures and in the overall stability of any assemblies that were formed. Together, these results suggest that an organism could potentially induce the formation of lipid rafts by making available sufficient quantities of the key components, sphingolipids and cholesterol.
